Water-insoluble ionic liquids based on p-tert-butylthiacalix [4] arenes tetrasubstituted at the lower rim with amide and quaternary ammonium groups containing alkyl, phenyl, ester, phthalimide, glycine, alanine and glycylglycine groups in cone and 1,3-alternate conformations were synthesized. It was established that macrocycles containing quaternary ammonium fragments with alkyl, phenyl and ester groups at the nitrogen atom in cone conformation melt lower by 8-31
Introduction
Synthesis of ionic liquids for extraction and determination of organic compounds is one of the promising areas of investigation in modern organic chemistry. [1] [2] [3] [4] [5] [6] [7] Water-insoluble solvents have recently been widely used for extraction and separation of biologically signicant compounds but they have some technological disadvantages and do not oen meet modern environmental standards. The replacement of such solvents is an important applied task. One of the possible solutions to this problem is the use of ionic liquids, e.g., molten salts that are liquids at temperatures below 100 C. Ionic liquids are mostly non-ammable, synthetically accessible and have negligible vapor pressure; selection of their cations and anions allows adjusting their properties over a wide range. Unique combinations of hydrophobicity and ionic nature, thermal stability and high electrical conductivity of ionic liquids offer new opportunities in the eld of organic and analytical chemistry, catalysis and electrochemistry. [8] [9] [10] [11] [12] The development of approaches to creation of new high-performance systems for the extraction and separation of various compounds based on ionic liquids and functionalized macrocycles, e.g., cyclodextrins, cucurbit[n] urils, (thia)calix[n]arenes, pillar [n] arenes, crown ethers is of great interest.
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There are two basic approaches to the creation of such systems: (1) synthesis of the macrocyclic compounds soluble in ionic liquids, and (2) design of ionic liquids containing macrocyclic fragment as their cation or anion (Fig. 1) .
Despite large synthetic and conformational diversity of (thia) calix [4] arenes as molecular building platform, [18] [19] [20] [21] [22] [23] [24] there are only few examples of the synthesis of ionic liquids based on them.
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It should be noted that the macrocyclic ionic liquids described in the literature 7, 25, 26 belong to the pyridinium and imidazolium derivatives. Synthesis of ionic liquids based on quaternary ammonium salt is one of the most important tasks in modern organic chemistry. 27 Ease of synthesis, low cost and non-toxicity are the advantages of quaternary ammonium fragments. According to the examples in the literature of chemistry of ionic liquids [28] [29] [30] [31] [32] [33] [34] and (thia)calixarenes, [1] [2] [3] [4] [5] [6] [7] 35 we can assume that the introduction of quaternary ammonium fragments at the lower rim of p-tert-butylthiacalix [4] arene may be promising for the synthesis of macrocyclic ionic liquids capable to the molecular recognition of target species.
In this work, the synthesis of p-tert-butylthiacalix [4] arenes tetrasubstituted at the lower rim with quaternary ammonium groups in cone and 1,3-alternate conformations as potential ionic liquids is described.
Results and discussion
Synthesis of p-tert-butylthiacalix [4] arenes containing quaternary ammonium groups
To synthesize ionic liquids based on the p-tert-butylthiacalix [4] arenes containing quaternary ammonium groups, the reaction of the compounds 1-4 with different alkylating reagents in acetonitrile under reux has been studied. Alkyl iodides and alkyl bromides were selected as highly reactive alkylating agents. Iodomethane and iodoethane as two simplest homologues were chosen. Based on these compounds, we can verify previously described in the literature suggestion 36 that the increase in the length of the alkyl substituent led to decrease of the melting point. According to the literature, 36 it was also assumed that the introduction of planar p-aromatic ring systems and the ester groups at the lower rim of the macrocycle could result in the synthesis of tetraalkylammonium derivatives of p-tert-butylthiacalix [4] arene in cone and 1,3-alternate conformations with low melting points. Thus, benzyl bromide, ethyl bromoacetate and pentyl bromoacetate were used from this consideration. It is interesting to note that in case of iodomethane and iodoethane the reaction was carried out at room temperature because alkyl iodides are more reactive than alkyl bromides.
It was found that the reactivity of the macrocycles 2 and 4 containing tertiary amino groups with ethyl substituents at the lower rim was lower than the reactivity of the thiacalix [4] arenes 1 and 3 with tertiary amino groups with methyl substituents. Probably, this is due to steric hindrance at the amino nitrogen atom. The increase of reaction time from 8 to 48 hours led to the compounds 5-9, 14-18, 22-26 and 31-35 with 85-98% yields (Scheme 1). It should be noted that all the synthesized macrocycles 5-9, 14-18, 22-26 and 31-35 are water-soluble. The solubility of the thiacalix [4] arenes 5-9 and 14-18 in cone conformation was much higher than that of the 1,3-alternate stereoisomers 22-26 and 31-35.
To synthesize ionic liquids able to recognize various substrates, stating from low molecular compounds to biomacromolecules, synthesis of the quaternary ammonium salts based on p-tert-butylthiacalix [4] arenes containing peptide and phthalimide fragments has been performed. N-Bromoacetylglycine ethyl ester, N-bromoacetyl-glycylglycine ethyl ester, Nbromoacetyl-L-alanine ethyl ester and N-(3-bromopropyl) phthalimide were chosen as alkylating reagents. The presence of a-amino acid groups in the structure of p-tert-butylthiacalix [4] arenes is necessary for increasing the efficiency of interaction of the macrocycles with biomacromolecules (proteins and DNA) based on the formation of hydrogen bonds. The introduction of phthalimide groups in the structure of macrocycles is also of great interest because the compounds with phthalimide fragments can be used as intercalators for interaction with DNA or for detection of proteins by hydrophobic interactions.
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The interaction of ethyl esters of N-bromoacetyl-glycine, Nbromoacetyl-glycylglycine and N-bromoacetyl-alanine with aminothiacalix [4] arenes 1-4 containing methyl and ethyl groups at the nitrogen atom in cone and 1,3-alternate conformations was studied earlier. Quaternary ammonium salts 10-12, 19-21, 27-29 and 36-38 with amino acid and peptide groups were obtained 38 (Scheme 1). It is interesting to note that the reaction of the amines 1-4 with N-(3-bromopropyl)phthalimide in acetonitrile under 8 h reux resulted in formation of the products only in the case of the compounds 1 and 3 containing tertiary amino groups with N,N-dimethyl substituents at the lower rim in cone and 1,3-alternate conformations. The compounds 13 and 30 were synthesized with excellent yields 38 (Scheme 1). According to the 1 H NMR spectroscopy, the mixture of differently substituted products difficult for separation was obtained for the macrocycles 2 and 4 containing tertiary amine groups with N,N-diethyl substituents at the lower rim. The increase of the reaction time up to 40 hours did not lead to the formation of the target products. Probably, reactivity of the macrocycles 2 and 4 is reduced by steric hindrance in tertiary amino groups with N,Ndiethyl substituents against that of the compounds 1 and 3 containing tertiary amino groups with methyl substituents.
Melting point is one of main characteristics of ionic liquids (see Table 1 for the synthesized macrocycles 5-21 (cone) and 22-38 (1,3-alternate)). Conformation changes and length of the alkyl substituents led to a slight decrease in the melting point is agreement with the literature. 36 Introduction of benzyl and ester groups in the structure of macrocycles decreased the melting points by [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] C, in contrast to 5-7 C predicted in the literature. 36 However, main goal has not been achieved. All the obtained salts 5-21 (cone) and 22-38 (1,3-alternate) melt above 100 C except the macrocycle 35 containing pentyl acetate fragment.
Synthesis of ionic liquids based on p-tert-butylthiacalix [4] arenes containing alkyl, ester, aromatic, peptide and phthalimide fragments
As shown in the literature 39 replacement of the halide ions by bis(triuoromethylsulfonyl)imide ions considerably decreased melting point. This can be explained by the fact that the increase in the size of anions decreased symmetry of the molecule obtained 39 (Fig. 2) . Thus, the study of the interaction of the compounds 5-38 with lithium bis(triuoromethylsulfonyl)imide in water at room temperature was next step of the work (Scheme 2, Fig. 2) .
The structure and composition of the synthesized compounds 39-72 were determined by the 1 H and 13 C NMR, IR spectroscopy, mass spectrometry and elemental analysis. The 13 C NMR spectrum of the compounds 39-72 exhibits a quartet at 120 ppm; these signals correspond to anion
The conguration of p-tert-butylthiacalix [4] arenes can be studied by two-dimensional NMR spectroscopy. However, the conguration of the compounds 5-72 can be also determined by one-dimensional 1 H NMR spectroscopy based on specic proton signals.
The conformational differentiation of the cone and 1,3-alternate stereoisomers of the p-tert-butylthiacalix [4] arenes tetrasubstituted at the lower rim can be recognized by chemical shis of the tert-butyl group, aromatic ring, oxymethylene and amide protons in the 1 H NMR spectra (Table S1 , ESI †). (Table S1 , Fig. S1 -S16, ESI †) containing halide anions, and the proton signals of initial salts 39-72 (Table S1 , Fig. S17 -S50, ESI †) containing bis(triuoromethylsulfonyl)imide anions have identical multiplicity and exert very similar chemical shis. It can be explained that these compounds are able to form solvent-separated ion pairs in solution. Fig. 2 Possible scheme of the changes of crystal packing of the ptert-butylthiacalix [4] arene ammonium salts at the replacement of halide ions by bis(trifluoromethylsulfonyl)imide ions. Increasing length of the alkyl substituent of the macrocycle by one CH 2 -group leads to decrease of the melting point by [8] [9] C in good agreement with the literature. 36 It should also be noted that the compound 43 containing pentoxy carbonylmethylene groups at the lower rim in cone conformation has the lowest melting point (35 C) . This corresponds closely to the hypothesis about the inuence of the ester groups on the melting points of the target products. Thermal stability and ionic conductivity have been established for the compound 43 with the lowest melting point. Thermal stability of the compound 43 toward pyrolysis was investigated by thermogravimetric analysis (Fig. S201, ESI †) .
The 5 wt% loss temperature (T 5 ) of the compound 43 under nitrogen was equal to 293. 5 C indicating its high thermal stability. It is known that macrocyclic ionic liquids have lower ionic conductivity in comparison with their non-macrocyclic analogues. 26 The ionic conductivity of the compound 43 was evaluated by ac impedance spectroscopy. The ionic conductivity of compound 43 in the bulk state at 324 K was found to be 6.00 Â 10 À7 S Â cm À1 (Fig. 3 ) corresponded to moderate ionic conductivity. Fig. 3 shows low-(120 Hz) and high-frequency (500 kHz) electrical conductivity exhibiting exponential increase with the temperature. The activation energy for the highfrequency conductivity E A1 ¼ 0.69 eV is approx. twofold less than that of the low-frequency conductivity (E A2 ¼ 1.24 eV). This behavior of the activation energy was also observed for other organic semiconductors 42 and is usually associated with the processes of the hopping of charge carriers in an inhomogeneous conducting medium. This model supposes the current in organic semiconductors generated by hopping carriers between polyconjugated areas from one to another limited by dielectric barrier created by disordered (non-conjugated) structure. Small activation energy values are typical for the occurrence of carriers within interface area and manifest themselves in the measurements at a high frequency, while measuring at the DC and low frequencies give substantially higher values of the activation energy associated probably with the above barrier hopping between coupling fragments. 
Conclusions
Thus, water-soluble and water-insoluble p-tert-butylthiacalix [4] arenes tetrasubstituted at the lower rim with amide and quaternary ammonium groups with alkyl, ester, amino acid, peptide and phthalimide fragments in cone and 1,3-alternate conformation were synthesized. The structure and composition of the synthesized macrocycles were determined by the physical methods, i.e., the 1 H and 13 C NMR, IR spectroscopy, MALDI TOF and ESI mass spectrometry and elemental analysis. It was found that the replacement of halide ions in the synthesized macrocycles by bis(triuoromethylsulfonyl)imide ions led to water-insoluble salts with melting points below 100 C. It was shown that the macrocycles containing quaternary ammonium fragments with alkyl, phenyl and ester groups at the nitrogen atom in cone conformation melt lower by 8-31 C than 1,3-alternate stereoisomers. Macrocyclic water-insoluble ionic liquids synthesized in this work showed high thermal stability and moderate ionic conductivity. These salts can be used in the sensor assemblies for the molecular recognition of the target substrates, e.g., biomacromolecules and cations of heavy and transition metals.
Experimental

General
The 1 H and 13 C NMR spectra of compounds (3-5% solution in CDCl 3 , (CD 3 ) 2 SO) were recorded on 400 MHz and 100 MHz Bruker Avance 400 spectrometer using CDCl 3 and (CD 3 ) 2 SO as internal standard. The IR spectra were recorded on Spectrum 400 (Perkin Elmer) IR spectrometer. The IR spectra from 4000 to 400 cm
À1
were considered in this analysis. The spectra were measured with 4 cm À1 resolution and 14 scans co-addition.
Elemental analysis was performed on Perkin-Elmer 2400 Series II instruments.
Mass spectra (MALDI-TOF) were recorded on Ultraex III mass spectrometer in the 4-nitroaniline matrix.
Mass spectra (ESI) were recorded on an AmaZonX mass spectrometer (Bruker Daltonik GmbH, Germany). The drying gas was nitrogen at 300 C. The capillary voltage was 4.5 kV. The samples were dissolved in acetonitrile (concentration $ 10 À6 g ml
). Melting points were determined using Boetius Block apparatus. The purity of the compounds was monitored by melting, boiling points, 1 H NMR and thin layer chromatography (TLC) on 200 mm UV 254 silica gel plate using UV-light (254 nm). Conductivity measurements were performed on the RLCmeter E7-20 in "sandwich" type cell at frequencies of 120 Hz and 500 kHz at temperatures range from room temperature to 74 C. The sample size was 1 cm 2 , thickness -4 mm.
In this work, the following reagents and solvents were used: acetonitrile (chemical pure), benzyl bromide (chemical pure), lithium bis(triuoromethansulfonyl)imide (Acros Organic), N-(3-bromopropyl)phthalimide (Acros Organic), distilled water, iodomethane (Acros Organic), iodoethane (Acros Organic), ethyl bromoacetate (Acros Organic), pentyl bromoacetate (chemical pure).
N-Bromoacetyl-glycine ethyl ester, N-bromoacetyl-glycylglycine ethyl ester, N-bromoacetyl-L-alanine ethyl ester were synthesized according to the literature procedure. 
Procedure for the synthesis of compound 30
The compound 3 (0.10 g, 0.08 Â 10 À3 mol) was dissolved in 
General procedure for the synthesis of compounds 39-72
The compounds 5-38 (0.10 g) were dissolved in 2 ml of water in the round bottom ask equipped with magnetic stirrer. Lithium bis(triuoromethylsulfonyl)imide was added in the molar ratio of 1 : 1 taken for each ammonium group. The reaction mixture was stirred for 24 h. The precipitate was ltered and dried under reduced pressure over phosphorus pentoxide. 
